ABSTRACT-Background: We have developed a novel, easily implementable methodology using magnetic levitation to quantify circulating leukocyte size, morphology, and magnetic properties, which may help in rapid, bedside screening for sepsis. Objective: Our objectives were to describe our methodological approach to leukocyte assessment, and to perform a pilot investigation to test the ability of magnetic levitation to identify and quantify changes in leukocyte size, shape, density, and/or paramagnetic properties in healthy controls and septic patients. Methods: This prospective, observational cohort study was performed in a 56,000/y visit emergency department (ED) and affiliated outpatient phlebotomy laboratory. Inclusion criteria were admittance to the hospital with suspected or confirmed infection for the septic group, and we enrolled the controls from ED/outpatient patients without infection or acute illness. The bench-top experiments were performed using magnetic levitation to visualize the leukocytes. We primary sought to compare septic patients with noninfected controls and secondary to assess the association with sepsis severity. Our covariates were area, length, width, roundness, and standard deviation (SD) of levitation height. We used unpaired t test and area under the curve (AUC) for the assessment of accuracy in distinguishing between septic and control patients. Results: We enrolled 39 noninfected controls and 22 septic patients. Our analyses of septic patients compared with controls showed: mean cell area in pixels (px) 562 AE 111 vs. 410 AE 45, P < 0.0001, AUC ¼ 0.89 (0.80-0.98); length (px), 29 AE 2.5 vs. 25 AE 1.9, P < 0.0001, AUC ¼ 0.90 (0.83-0.98); and width (px), 27 AE 2.4 vs. 23 AE 1.5, P < 0.0001, AUC ¼ 0.92 (0.84-0.99). Cell roundness: 2.1 AE 1.0 vs. 2.2 AE 1.2, P ¼ 0.8, AUC ¼ 0.51. SD of the levitation height (px) was 72 AE 25 vs. 47 AE 16, P < 0.001, AUC ¼ 0.80 (0.67-0.93). Conclusions: Septic patients had circulating leukocytes with especially increased size parameters, which distinguished sepsis from noninfected patients with promising high accuracy. This portal-device compatible technology shows promise as a potential bedside diagnostic.
INTRODUCTION
Sepsis is a severe illness that affects more than 750,000 patients annually in the United States alone (1) . Given the more than 20% mortality rate for septic shock (2) , it is imperative to discover early diagnostic detection tests. Circulating leukocytes, especially neutrophil granulocytes (PMNs), become activated in sepsis (3) leading to leukocytosis and a characteristic ''left shift'' of immature white blood cells (4, 5) . These are clinical parameters typically used in the clinical assessment of the septic patient.
During sepsis, leukocytes especially circulating PMNs, undergo significant changes in number, size, roundness, granularity, and chemotaxis, due to mobilization of immature, larger neutrophils from bone marrow, cell degranulation, activation by circulating bacterial fragments, activated complement proteins, and intracellular generation of reactive oxygen species (6, 7) . These changes in circulating leukocytes positively correlate with sepsis disease severity and prognosis (reviewed recently in Zonneveld et al. (8) ). Currently, precise quantification of leukocytes changes during sepsis requires the use of specialized equipment such as flow cytometry, bright field and fluorescence microscopy, and dedicated methods such as microfluidicbased cell migration, ''volume, conductivity and scatter'' (VCS) measurements, and trans-well chamber chemotactic and chemokineses assays.
Magnetic levitation is a relatively new technique that uses a uniform magnetic field to measure and separate cells based on their density and magnetic properties (9) (10) (11) (12) . Although the magnetic levitation technology offers a variety of opportunities for functional interrogation of cells, for this specific study, we use it as a tool to isolate leukocytes from circulating red blood cells (RBCs), visualize leukocytes, and measure size, shape, density, and paramagnetic property parameters of leukocytes. Herein, we exploit the ability of magnetic levitation to separate cells in real time using a cell type-specific concentration of Gadolinium solution, and then record and measure the cell size and densities of circulating leukocytes, using only a small amount of
MATERIALS AND METHODS

Study design and population
This project is a prospective, observational cohort study of emergency department (ED) patients with suspected infection compared with noninfected control patients either from the ED or outpatient phlebotomy laboratory. For the patients with sepsis, the inclusion criteria were age 18 years or older with suspected infection or confirmed infection and admission to the hospital. The exclusion criteria were inability to obtain informed consent. Noninfected control patients were collected either in the ED or in affiliated outpatient phlebotomy. The inclusion criteria were adult patients 18 years or older, no suspicion of sepsis or infection, and the absence of SIRS criteria. The study was approved by the Beth Israel Deaconess Medical Center Institutional Review Board.
Demographics and clinical data description
For demographic info, we collect age and sex and results of white blood cell count and differential analysis from the clinical laboratory. We further classified sepsis patients according to their severity upon presentation according to modified ACCP/SCCM sepsis criteria (13) . The patients' sepsis syndromes are recorded at the time of enrollment.
Magnetic levitation technology, preparation, and setup
We use a bright-field microscope tipped on the side (90 degrees) and fitted with a magnetic levitation device, consisting of two magnets positioned with the same poles facing each other, separated by a 1 mm space sufficient for insertion of a 5-mm-long squared glass capillary tube (Fig. 1, A and B ). An example of images obtained by levitating blood collected from a control and a septic shock patient are depicted in Figure 2A .
Blood procedure
Blood was collected and analyzed within 2 h to minimize additional activation of leukocytes. Half a microliter of EDTA whole blood was mixed with 100 mL of 21 mM gadolinium solution Gd 3þ and incubated for 20 min. Ten micrometer density reference beads (1.06 g/mL) were added to a final concentration of 5 Â 10 À4 % (Flow-Count Fluorospheres, Beckman Coulter, Inc., Fullerton, Calif). Samples were loaded into squared 1 Â 1 Â 25 mm capillary tubes and placed between the two magnets (Fig. 1B) as previously described (11) and magnetically focused for 20 min (incubation period in the magnetic levitation device). Cells were imaged using an Olympus PlanFl 20 Â 0.5 NA lens, and acquired using a Retiga EX i Blue cooled CCD camera (Qimaging, Surrey, BC, Canada) controlled by Image Pro Plus 7.2 (Media Cybernetics, Rockville, Md).
Software analysis
Acquired images were analyzed in a blinded fashion. Images were saved in .tiff format. Before the analysis could commence, a threshold was set depending on the brightness of the background of the images to maintain uniform results. The cells were analyzed using the ''automatic'' settings based on the calculated segmentation values. In rare cases, when certain cells failed to be correctly recognized or separated from the surrounding cells by the software, the manual function with a 1,600% zoom was used. Images with unfocused cells, too few reference beads, and/or excessive brightness/darkness were rejected from analysis. The data were exported to Excel, and mean, median, and standard deviation (SD) were calculated for 30 cells per sample.
Covariates: measurements and descriptions
Leukocyte covariates of interest were area, length, width, roundness, and SD of levitation height. Figure 2B illustrates the methodology for covariate measurements. Area was defined as the total number of pixels within the encircled cell. Length was defined as the vertical row of pixels through the center of the object and width was defined as the horizontal row of pixels also through the center. Roundness was calculated by the software using the following formula: (Perimeter2)/(4 Ã P Ã area), where Perimeter2 reports the length of the outline of each object. Complete circular objects will have a roundness ¼ 1; other shapes will have a roundness >1. For levitation height, we measured the distance from the cell centroid pixel from the reference density beads level. We analyzed up to five reference beads Y coordinate and performed an average height base on that. cells are below the reference beads, which gives them a higher Y coordinate value). For each sample, we calculate the SD to assess the range of the levitation heights of circulating leukocytes. Although activated PMNs have decreased density due to intravascular cell degranulation resulting in an increase in the levitation height, they also generate significant intracellular ROS which increases the magnetic signature of the cell, thus lowering its levitation height. When both events happen in the same cell, which is likely the case on most circulating PMNs, the overall impact on the levitation height would depend on the ratio of these two opposing forces.
Statistical considerations
We used the median values for each sample and performed an unpaired t test to compare parameters for sepsis and noninfected controls. To evaluate the ability to distinguish noninfected controls and septic patients, we calculated the area under the curve (AUC) for the receiver-operating characteristic curves. As a secondary analysis, we assessed the association with sepsis syndrome and display the results; however, we did not anticipate finding statistically significance between the groups based on limited sample size.
RESULTS
Study population
We recruited and analyzed 39 noninfected control patients and 22 patients with infection. For the patients with infection, the sepsis syndrome at enrollment was sepsis (7), severe sepsis (sepsis plus organ dysfunction) (9) , and septic shock (6) . Subjects were enrolled between March 2016 and November 2016. Table 1 shows the demographics, baseline clinical characteristics, and laboratory testing for our patient population.
Parameters of leukocyte size
Our results show that infected patients had circulating leukocytes with significantly higher mean cell area in pixels (px), as compared with noninfected controls (561.6 AE 111.3 vs. 409.7 AE 44.8, P < 0.0001) (Fig. 3A) with an AUC for discriminating infection from controls of 0.89 (0.80-0.98) ( Table 2) . Cell length (px) was increased in infected patients (29.4 AE 2.5 vs. 25.2 AE 1.9, P < 0.0001) with an AUC ¼ 0.90 (0.83-0.98) (Fig. 3B) . Similarly, the leukocytes from infected patients were significantly wider than those in controls 26.8 AE 2.4 vs. 22.5 AE 1.5, P < 0.0001 with an AUC ¼ 0.92 (0.84-0.99) (Fig. 3C) .
Leukocyte roundness
The software autocalculated leukocyte roundness value (rv), which showed no difference between sepsis and control In the top of the image, there are reference beads with the density of 1.05 g/mL, which we use as a reference line for the levitation height depicted on the side. The red blood cells drop down due to gravity and arrange themselves in layers due to their density being too great for the low Gd 3þ concentration. In the middle of a vertical line through the image, there are leukocytes (one enlarged). The length is the vertical pixel value of the cell and width is the horizontal pixel value. Area is all the pixels within the outer line that represents where roundness is measured.
patients, with an overall roundness value of 2.2 AE 1.0 rv for septic patients, and, a roundness value of 2.2 AE 1.2 rv, P ¼ 0.8 with an AUC ¼ 0.51 (0.35-0.66) for noninfected controls (Table 2 ).
Magnetic properties represented by SD
We measured the median levitation height, which for sepsis patients was 293.1 AE 61.4 px and 288.8 AE 23.7 px for controls, P ¼ 0.8, with an AUC ¼ 0.52 (0.35-0.69), which proved insignificant (Fig. 3E) . The cells' levitation height varied more within a sample in sepsis patients compared with a noninfected control, likely due to alterations of density after granular content release, and also change in magnetic properties due to intracellular ROS generation. We next compared the SDs of the levitation heights of the samples, which was 71.5 AE 24.8 px for sepsis patients and 47.4 AE 16.0 px for controls, P ¼ 0.0003, with an AUC ¼ 0.80 (0.67; 0.93) ( Table 2) .
Correlation with complete blood cell and differential laboratory testing
To understand the relationship between leukocyte parameters quantified by magnetic levitation and parameters from complete blood cell testing, we assessed the correlation between these findings in the patients with infection (noninfected controls did not have these parameters available). 
DISCUSSION
Previous reports suggest that during sepsis, circulating pathogen and host chemotactic factors mobilize and activate leukocytes, promote increase in neutrophil size, and stimulate cell degranulation (14) ; however, these are not routinely assessed parameters. Other methods, such as Automated Hematology Analysis (AHA), have been introduced to measure morphology, such as size and granularity of cells, using VCS (volume, conductivity, and scatter) (15) . Our findings are consistent with other studies using VCS to measure neutrophils from controls and septic patients, which all show septic patients had larger white cells than those of patients with localized infections and noninfected controls (15) (16) (17) . Flow cytometry has also been used to determine the size of the cells and shows similar results for septic patients, patients with localized infection, and noninfected controls (18, 19) . Furthermore, recent reports have shown a positive correlation between the size of activated neutrophil granulocytes and size increase in infected samples (20, 21) .
During activation, previous observations suggest leukocyte plasma membranes have a shape that includes ''pointed spikes'' due to increased exocytosis and release of certain granular content (3) . At the resolution used in our approach, we were unable to detect these differences, which is not unexpected given the resolution of the 20 Â 0.50 objective of about 0.6 mm. The neutrophil granulocyte has several stages of activation, each of which has specific morphological parameters, so even though they increase in size, the ''spikiness'' might not parallel that pattern (21) . Thus, although using our system, the roundness parameter was not found to be useful in distinguishing infected patients from noninfected.
When activated by bacterial by products or host anaphylatoxins, circulating neutrophils generate reactive oxygen species (ROS), and exocytose granular content (22) . The highly paramagnetic ROS increases the magnetic signature of activated neutrophils, positioning the cells closer to the bottom magnet. Conversely, degranulation promotes a significant decrease in cell density process, which would position the neutrophils closer to the middistance between the two magnets. These concurrent yet opposing mechanisms explain the observed wide distribution range in the levitation height of neutrophils from septic patients compared with noninfected controls. Further investigation is required to better understand the dynamics of these conflicting mechanisms and their implications for sepsis screening and detection using magnetic levitation height.
Furthermore, we show promising diagnostic accuracy in a convenience sample, especially for the size parameters (area, length, and width) ranging from 0.89 to 0.92 AUC. For example, calculating the diagnostic operating characteristics with a cutoff of 23.3 px for width yielded a sensitivity of 91% and a specificity of 74% with a positive likelihood ratio of 3.5. If we alter the cutoff to 24.6 px the sensitivity decreases to 82%, but the specificity increases to 92%, with a positive likelihood ratio of 10.6. In comparison to AHA technology using VCS parameter, the sensitivity was 83% and specificity 78% (16) . The challenge of AHA is that it requires an expensive piece of equipment, the UniCel DxH 800 Coulter system and highly trained technicians. As previously described, other technologies such as flow cytometry have proven useful (18, 19) . However, these are more complex and time-consuming procedures. Furthermore, published diagnostic accuracies show variable results, most of which are less discriminatory compared with our preliminary findings (23, 24) . For this study, we measure all the leukocytes in a field from whole blood as we intend for the technology to ultimately be implemented at the bedside as a quick, inexpensive, and easy test. Even though the leukocytes mainly consist of neutrophils and lymphocytes, 60% and 30%, respectively, for a healthy individual (25) , an alternative approach would be to include only subpopulations such as neutrophil granulocytes in our analyses, which will be applied in future studies.
Limitations
There are a number of limitations to this investigation. First, as this was an initial investigation into the methodology, our sample size was small. Second, we enrolled a convenience sample population, which is prone to selection bias. For future studies, we will need to test the technology in an undifferentiated population to assess validity of the test. Third, we compared patients to noninfected control presumed to not be acutely ill; this may be different in clinical application to acutely ill patients when we are trying to decide on whether infection is the source of the illness. Fourth, we did not compare the leukocyte measurements to commonly used laboratory parameters such as a complete blood count with differential to determine if the new method is superior to existing technologies. Fifth, we performed an offline analysis. Although the bedside application is theoretically identical and will ultimately be automatic, this will need to be verified. Sixth, we do not know how comorbidities will impact our test. Finally, this was an observational trial, and future investigations on how the results of testing inform practice are needed to improve patientoriented outcomes.
CONCLUSIONS
In this pilot investigation, we describe a novel methodology using magnetic levitation to separate leukocytes from circulating RBCs and assess leukocyte parameters. The technique demonstrated a promising diagnostic accuracy for identifying patients with an infection regarding size parameters (area, length, and width) especially. Infected 
